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Abstract 

Many fluids used today in different applications 
show a non-Newtonian behavior. In order to simulate 
this behavior, many different approaches exist but 
are not fully implemented in a simulation program. 
One of the problems with these kinds of simulations 
is the lack of compatibility with existing models. 
This makes the modeling very time consuming. 
In this paper, a simple approach is shown that pro-
vides a general set of equations which can then be 
used to model both Newtonian as well as non-
Newtonian behavior of fluids in the same model in 
Modelica. Since the implementation is in base mod-
els, existing components can easily be used to simu-
late non Newtonian fluids without sacrificing simula-
tion times. 

Keywords: Non-Newtonian; Medium Model; Pres-
sure Drop 

1 Introduction 

In many applications such as food industries, resi-
dential heating and cooling systems, some power 
plants as well as other energy systems, a non-
Newtonian fluid is chosen as the working fluid. The 
non-Newtonian behavior has a great influence on 
both flow as well as heat transfer properties of the 
fluid; therefore, for simulation of such systems, it is 
necessary to have compatible models and compo-
nents with this type of fluids. 

2 Theory 

2.1 The Governing Equations 

Non-Newtonian fluids are fluids in which the viscos-
ity changes with respect to the applied stress. Ac-
cording to the correlation between the shear stress 
and shear rate, fluids can be divided into different 
categories (see Figure 1). 

 
Figure 1: Fluid classification according to shear rate 
and shear stress 

Many available fluids can fully or partly be de-
scribed by Ostwald-de Waele relationship (Power-
law fluids) shown in equation (1). 

 𝜏 = 𝐾�̇�𝑛 (1) 

where 
𝜏  : Shear stress [Pa] 
𝐾  : Flow consistency index [Pa.sn] 
�̇�  : Shear rate [s-1] 
𝑛  : Flow behavior index 

Flow behavior index “n” as well as flow consistency 
index “K” are among the properties of the fluid and 
are considered constant at a given temperature. 

By “n” equal 1, the Ostwald-de Waele relationship 
describes Newtonian fluid behavior. For n<1, Pseu-
doplastic fluids and for n>1 Dilatant fluids can be 
described. 

2.2 Pressure Drop 

For the calculation of the pressure drop in a pipe, 
when the mass flow rate is known, the dimensionless 
Darcy friction factor “λ” as well as physical 
parameters of the pipe are used according to equation 
(2) [1]. 
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 (2) 

where 
∆𝑝  : Pressure drop [Pa] 
𝜆  : Darcy friction factor 
𝑙  : Length of the pipe [m] 
𝐷  : Diameter of the pipe [m] 
𝜌  : Density of the fluid [kg/m3] 
𝑣  : Flow velocity [m/s] 

In order to calculate the Darcy friction factor, a 
Fanning friction factor “𝑓” has been introduced by 
[2] and is shown in equation (3): 

 𝑓 =
𝜆
4

 (3) 

The Fanning friction factor for the laminar region 
can be calculated from equation (4) and for turbulent 
region from equations (5) and (6) where “𝑅𝑒” corre-
sponds to the Reynolds number. [2, 3, 4] 

 𝑓 =
16
𝑅𝑒

 (4) 

 𝑓 = 0.0014 +
0.125
𝑅𝑒0.32 (5) 

 𝑓 =
0.0791
√𝑅𝑒4  (6) 

2.3 Reynolds Number 

In order to calculate the Reynolds number for Power-
law fluids, [2] also introduces the general Reynolds 
number in equation (7). 

 𝑅𝑒 =
𝑣(2−𝑛) ∙ 𝐷𝑛 ∙ 𝜌

𝛾
 (7) 

where 
 𝛾 = 𝐾′ ∙ 8𝑛−1 (8) 

and  

 𝐾′ = 𝐾 �
3𝑛 + 1

4𝑛
�
𝑛

 (9) 

Note that using n=1, the Reynolds number can be 
simplified to the Reynolds number in Newtonian 
fluids as in equation (10). 

 𝑅𝑒 =
𝜐 ∙ 𝐷 ∙ 𝜌

𝜇
 (10) 

Depending on the fluid, the turbulent region can start 
from Reynolds number between 4000 up to 70,000. 
On the other hand, the boundary Reynolds number 
between the laminar and the transitional region can 
be calculated according to [5] using equation (11). 

 𝑅𝑒𝑙𝑎𝑚 =
6464𝑛

(3𝑛 + 1)2 ∙
(2 + 𝑛)�

2+𝑛
1+𝑛� (11) 

3 Implementation in Modelica 

3.1 Existing Flow Models 

In Newtonian fluids, the viscosity does not depend 
on the applied stress or in other words the volume 
flow rate; hence, it can be calculated within the me-
dium model using just the base properties of the fluid 
such as the pressure and the temperature. 

In existing models in Modelica standard library, at 
each calculation step, the viscosity of the fluid is cal-
culated within the medium model. This is then used 
to estimate the Reynolds number according to equa-
tion (10). By knowing the Reynolds number, the 
flow region can be chosen and the governing equa-
tions for that region are used to calculate the Darcy 
friction factor and then the pressure drop. 

Note that since Reynolds number is a function of 
velocity, the procedure mentioned above is only val-
id when the velocity is known by knowing either the 
mass flow rate or the volume flow rate and the ge-
ometry of the pipe. For this reason, a new set of 
equations are also implemented to calculate the mass 
flow rate in a pipe when the pressure difference be-
tween two pints is the known variable. 

This is helpful for many hydraulic components such 
as pumps which produce a certain pressure differ-
ence and the result will be the flow of the medium; 
therefore, in order to be able to simulate the flow of 
the medium properly, it is also necessary to be able 
to calculate the mass flow rate from the pressure 
drop. 

In this procedure, a second friction factor “λ2” is in-
troduced which is independent of the velocity and is 
shown in equation (12). 

 𝜆2 =
2 ∙ 𝐷3 ∙ 𝜌
𝑙 ∙ 𝜇

∙ ∆𝑝 (12) 

Using the second friction factor, the Reynolds num-
ber can be estimated by the Reynolds number equa-
tion for the laminar region and be corrected if the 
estimation result falls above the turbulent boundary 
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using the equations governing the turbulent region. 
The velocity and the mass flow rate are then calcu-
lated using the Reynolds equation. 

3.2 Non-Newtonian Medium Model 

Since the viscosity of Non-Newtonian fluids cannot 
be calculated using only the base properties, the 
main calculation should be in the flow model. In or-
der to correlate flow model and medium model with 
the smallest change possible, an extra function is 
required in the “Partial Medium Model”. This func-
tion will describe the flow behavior index “n” and is 
written as follow: 

replaceable partial function flowBehaviorIndex 
  extends Modelica.Icons.Function; 
  input ThermodynamicState state "thermodynamic state record"; 
  output Real n "flow behavior index"; 
end flowBehaviorIndex; 

Since the flow behavior index is only a function of 
the states of the fluid such as the temperature, it can 
be defined and calculated in the medium model. By 
adding this partial function for the definition of the 
flow behavior index in the base medium model, im-
plementing the governing equations or tables for all 
the fluid models is made possible. 

In case the fluid is a Newtonian fluid such as water, 
the flow behavior index should be set to the constant 
number of “1”. 

By comparing equations (7), (8) and (10) it can be 
seen that having n=1, the coefficient 𝐾′ is equal the 
dynamic viscosity “𝜇”. This means that the “dynam-
icViscosity” function in the partial medium model 
can also be used to calculate the consistency 
dex 𝐾′. Like the flow behavior index, the consistency 
index does only depend on the base properties of the 
fluid and not the flow parameters. Therefore it can 
also be calculated in the medium model. 

3.3 Non-Newtonian Flow Models 

Having the flow behavior and consistency indices 
from the medium model, the Reynolds number can 
be calculated when the volume flow rate is known 
using the general Reynolds number shown in equa-
tion (7). Using the Reynolds number, the fanning 
friction factor can be calculated using equation (4) 
for the laminar region and equation (6) for the turbu-
lent region. The pressure drop is then calculated with 
the help of equations (2) and (3). 
 

For the transitional region between laminar and tur-
bulent, the laminar region is connected to the turbu-
lent region using a cubic Hermite spline. 

As already discussed in the existing flow models, it 
is necessary to have a function for calculation of 
mass flow with respect to pressure difference in the 
system. Since pressure drop as well as Reynolds 
number and hence the Darcy friction factor are a 
function of velocity which is derived from the mass 
flow rate, here is also not possible to use the general 
Reynolds number and Darcy friction factor directly 
for these calculations. To solve the problem, a varia-
ble which is independent of velocity is introduced in 
equation (13) and is called the modified Darcy fric-
tion factor “𝜆𝑚”. 

 𝜆𝑚 = 𝜆 ∙ 𝑅𝑒�
2

2−𝑛� (13) 

Combining equations (2), (7) and (13), the modified 
Darcy friction factor can be calculated as follow: 

 𝜆𝑚 =
2 ∙ 𝐷�

2+𝑛
2−𝑛� ∙ 𝜌�

𝑛
2−𝑛�

𝑙 ∙ 𝛾�
2

2−𝑛�
∙ ∆𝑝 (14) 

By having a flow behavior index of “1” as for New-
tonian fluids, the modified Darcy friction factor is 
reduced to equation (12). 

When the modified Darcy friction factor is known, 
the Reynolds number can be calculated under the 
assumption that the flow is laminar using equation 
(15) achieved from equations (3), (4) and (13). 

 𝑅𝑒 = �
𝜆𝑚
64
�
�2−𝑛𝑛 �

 (15) 

If the calculated Reynolds number according to 
equation (15) is greater than the turbulent Reynolds 
number, then the Reynolds number is calculated for 
the turbulent region using equation (16) derived from 
equations (3), (6) and (13). 

 𝑅𝑒 = �
0.3164
𝜆𝑚

�
4�𝑛−2𝑛+6�

 (16) 

 
By knowing the Reynolds number, the mass flow 
rate can be calculated as follow: 
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The transitional region here is also generated by a 
cubic Hermite spline as before. 

4 Simulation Results 

The specified functions are directly implemented in 
the “detailed wall friction model”. The model is test-
ed for a Paraffin-Water dispersion shown in Figure 2 
with 30% paraffin dispersed in water. The fluid 
shows a pseudoplastic behavior. The dispersed paraf-
fin goes through a phase change at a certain tempera-
ture which not only affects the thermal properties but 
also the flow properties of the fluid. 

 
Figure 2: Paraffin-Water dispersion used as working 
fluid in energy systems 

The measured flow behavior and consistency indices 
at different temperatures for the Paraffin-Water dis-
persion are shown in Figure 3 and are implemented 
in the medium model. 

 
Figure 3: Measured flow behavior and consistency 
indices for Paraffin-Water dispersion1 

                                                      
1 Data provided by Fraunhofer UMSICHT 

To calculate the pressure drop from a known mass 
flow rate, Paraffin-Water dispersion model at 22°C, 
with n=0.5889 and K=0.1877, is used in a simple 
simulation model (consisting of a pipe with a length 
of 1 m and diameter of 0.05 m. The results are 
shown in Figure 4. 

 
Figure 4: Pressure drop of Paraffin-Water dispersion 
with respect to mass flow rate 

The mass flow rate is then calculated in a simple 
simulation model when the pressure difference is 
known for a pipe with 1 m length and 0.05 m diame-
ter and is shown in Figure 5. 

 

 
Figure 5: Mass flow rate of Paraffin-Water disper-
sion with respect to pressure drop  

Since the model can be used for all the fluids gov-
erned by Ostwald-de Waele relationship, the pres-
sure drop is compared for simulations with 3 differ-
ent flow behavior indices and is shown in Figure 6. 
The closer the behavior index to 1 is, the closer the 
fluid behaves as a Newtonian fluid. 
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Figure 6: Comparison between different pressure-
drops in fluids with different flow behavior indices 

4.1 Compatibility 

In all the equations described for the non-Newtonian 
flow, the equations for the Newtonian fluids are de-
rived when the flow behavior index is set to “1”,. 
These are the exact equations which are already im-
plemented in the wall friction model in Modelica 
standard library. Therefore, the same flow model can 
be used for all the existing medium models in all 
existing components without any compatibility is-
sues. 

Since the non-Newtonian flow model is an extension 
to the available flow model in Modelica 3.2, it is also 
compatible with the entire fluid library. This will 
omit the need to design new components just for 
non-Newtonian systems. 

4.2 Simulation Times 

To substitute the existing model for the general flow 
model, it is important to maintain the fast simulation 
speed. Therefore, a simple dynamic simulation is 
done using Paraffin-Water dispersion and water with 
the general model described in this paper and is 
compared to the same simulation setup using water 
and the existing flow models. The CPU times are 
compared in Table 1. 

Table 1: CPU Time comparison between different 
models and fluids 

CPU Time 
Modified Model Existing Model 

Dispersion Water Water 
0.106 s 0.109 s 0.105 s 

It can be seen that although more complicated equa-
tions are used, the solving time stays almost in the 
same range. This will result in simulation times 

which are almost the same as in existing flow models 
in Modelica. 

5 Conclusions 

There are many applications for simulating the be-
havior of non-Newtonian fluids such as food pro-
cessing plants and energy distribution systems. 

In order to implement the non-Newtonian behavior, 
an extra function is added to the base medium model. 
This function describes the flow behavior index of a 
fluid and enables the interaction between the medi-
um model and the flow model. The flow behavior 
index corresponds to the degree of non-Newtonian 
behavior of each fluid. Having the necessary interac-
tion between the models, more general equations 
regarding pressure drops in the system can be im-
plemented. These equations contain both the Newto-
nian as well as non-Newtonian behavior of a fluid.  

Since the changes are in the base models, any other 
component that uses the model directly or indirectly 
can be used for the simulation of both Newtonian 
and non-Newtonian fluids without any additional 
changes and compatibility issues. 

Using the flow behavior index, the non-Newtonian 
behavior of fluids can later be expanded to the heat 
transfer properties of fluids in the Modelica thermal 
libraries. 
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